Knowledge of the bacterial community structure in sediments is essential to better design restoration strategies for eutrophied lakes. In this regard, the aim of this study was to quantify the abundance and activity of bacteria involved in nutrient and iron cycling in sediments from four Azorean lakes with distinct trophic states (Verde, Azul, Furnas and Fogo). Inferred from quantitative PCR, bacteria performing anaerobic ammonia oxidation were the most abundant in the eutrophic lakes Verde, Azul and Furnas (4.5-16.6%), followed by nitrifying bacteria (0.8-13.0%), denitrifying bacteria (DNB) (0.5-6.8%), iron-reducing bacteria (0.2-1.4%) and phosphorus-accumulating organisms ( o 0.3%). In contrast, DNB dominated sediments from the oligo-mesotrophic lake Fogo (8.8%). Activity assays suggested that bacteria performing ammonia oxidation (aerobic and anaerobic), nitrite oxidation, heterothrophic nitrate reduction, iron reduction and biological phosphorus storage/release were present and active in all Azorean lake sediments. The present work also suggested that the activity of DNB might contribute to the release of phosphorus from sediments.
Introduction
Sediments shelter a complex microbial ecosystem that thrives on several organic and inorganic electron donors and acceptors and performs several biochemical reactions (e.g. nitrification, denitrification, phosphorus uptake/ release, iron reduction, sulphate reduction, methanogenesis) simultaneously or sequentially, depending on the environmental conditions (Nealson, 1997; Wobus et al., 2003) . To date, bacteria diversity studies have revealed that Proteobacteria, Chloroflexi, Actinobacteria, Bacteroidetes and Planctomycetes (in particular after algae bloom occurs) are the most common phyla in freshwater lake sediments (Kojima et al., 2006; Musat et al., 2006; Nelson et al., 2007; Zeng et al., 2009) . The better studied groups are the ones involved in nitrogen cycling, namely ammonia-oxidizing bacteria (AOB) belonging to Betaproteobacteria, nitrite-oxidizing bacteria (NOB) belonging to the genera Nitrospira (Nitrospira phylum) and Nitrobacter (Alphaproteobacteria) and denitrifying bacteria (DNB), which are widespread among the bacterial domain (Altmann et al., 2004; Nakamura et al., 2006; Oakley et al., 2007) . More recently, anaerobic ammoniaoxidizing bacteria (AnAOB) belonging to the order Planctomycetales have been shown to play an important role in nitrogen cycling in sediments (Dalsgaard et al., 2005) . Ironreducing bacteria (IRB) are also present in freshwater sediments, and best known is the family Geobacteraceae belonging to Deltaproteobacteria (Cummings et al., 2003) .
In eutrophied lakes, sediments can contribute to eutrophication through phosphorus (P) release into the water column Martins et al., 2008) . This phenomenon is still poorly understood and several biogeochemical processes have been proposed to explain it (Hupfer & Lewandowski, 2008) . Processes contributing to the dissolution of phosphate bound to metal oxides are microbial dissimilatory Fe(III) reduction and chemical Fe(III) reduction by hydrogen sulphide. IRB reduce Fe(III) to soluble Fe(II), with the consequent release of Fe(III) oxide-bound phosphate to pore water under anoxic conditions (Azzoni et al., 2005) . The pool of nonrefractory organic P contributes to phosphate dissolution both via organic matter decomposition (Golterman, 2001; Rozan et al., 2002) and via biological storage/release of P as polyphosphate (Poly-P) . The decomposition of organic P has been reported to occur by the activity of phosphatases excreted by some DNB (Yiyong et al., 2002; White & Metcalf, 2007) . Microorganisms are able to store and release P in organic-rich lake sediments, depending on the redox conditions. P-accumulating organisms (PAO) store P as Poly-P intracellularly under aerobic conditions (up to 20% of their dry weight) and release intracellular P via enzymatic hydrolysis when conditions become anaerobic. Well-known PAO belong to the genera Rhodocyclus (Betaproteobacteria), Acinetobacter (Gammaproteobacteria) and Tetrasphaera (Actinobacteria) (Gaechter & Meyer, 1993; Ahn et al., 2001; Tsuneda et al., 2005; . It is estimated that Poly-P could represent at least 10% of the total P in surface sediments . In addition, under acidic conditions provided by the oxidation of ammonium to nitrite by the genera Nitrosomonas and Nitrosospira, P dissolution might occur from the pool of calcium-bound P (Altmann et al., 2004; Nakamura et al., 2006) . Thus, it is important to study the microbial community in lake sediments in order to help to clarify the role of bacteria in P release.
However, little is known about the quantitative composition of microbial communities in sediments. The application of culture-dependent methods to quantify specific groups of bacteria in sediments led to results that deviated considerably from those obtained using culture-independent methods. The use of real-time quantitative PCR (qPCR), targeting specific functional or phylogenetic genes, has overcome the limitation of traditional culture-based quantification methods, and has recently been broadened to the quantification of bacteria in complex environments, such as biofilms , wastewater treatment plants (He et al., 2007) , soil (Henry et al., 2004) and sediments (Nakamura et al., 2006; Bedard et al., 2007; Bulow et al., 2008) .
Previous research in Azorean lakes has focused on the study of the phytoplankton growing in the water column (Santos et al., 2005; Martins et al., 2008) , and little attention has been paid to the effect of sediment microbial processes on lake water quality, especially those involved in the cycling of nutrients. The aim of the present work was to quantify the abundance and activity of bacteria involved in nutrient and iron cycling in sediments from the eutrophic lakes Furnas and Verde, the meso-eutrophic lake Azul and the oligomesotrophic lake Fogo (Azores, Portugal).
Materials and methods

Study site and sampling
The four studied lakes are in the island of S. Miguel in the archipelago of Azores (Portugal), located between the parallels 36145 0 -39143 0 of latitude North and meridians 24145 0 -31117 0 of longitude West. Lake Furnas is situated in the East side of the island and lake Sete Cidades in the Western side. Lake Sete Cidades is formed by two interconnected lakes: lake Azul and lake Verde. In the central and highest part of the island is situated lake Fogo. Lakes Furnas and Verde are in an advanced state of eutrophication and were classified as eutrophic. Lake Azul is in a meso-eutrophic state. From the four lakes studied, lake Fogo presents the smallest degree of eutrophication, and was classified as oligo-mesotrophic. A more detailed description can be found in Ribeiro et al. (2008) and Martins et al. (2008) .
Sediments from the studied lakes were taken in July 2008 using a gravitational Uwitec-corer (6 cm diameter, 60 cm length) that enabled the collection of undisturbed sediment cores. The depth of the water column at the collection sites was 24 m for lake Verde, 25 m for lake Azul, 25 m for lake Fogo and 11 m for lake Furnas. Sediment cores were sealed in situ and carefully transported to the laboratory (around 1 h) at 4 1C. The water above the sediment surface was discharged. The sediment cores for DNA extraction were cut into five slices with the following depths: 0-1, 1-2, 2.5-3.5, 5-6 and 9-10 cm. Each slice was stored frozen inside a sterile plastic Petri dish. For the activity assays, the first 10 cm of the sediment cores were mixed and stored at 4 1C. Sampling conditions (temperature, dissolved oxygen and pH) were assessed in situ using a portable multimeter (Multi 350i, WTW). To determine the organic and water fractions, approximately 2 g of sediment was weighed, dried at 105 1C for 24 h and reweighed. Subsequently, the sediment was burned for 2 h at 550 1C and weighed for the quantification of organic components.
DNA extraction, amplification and real-time PCR assay
DNA was extracted over the vertical sediment profile according to previously published protocols (Kowalchuk et al., 1998; Griffiths et al., 2000) . Briefly, 0.5-0.7 g (wet weight) of sediment was extracted with 1 mL solution containing one part of CTAB extraction buffer (10% w/v) and one part of phenol-chloroform-isoamyl alcohol (25 : 24 : 1). Glass beads (0.25 g of 0.1 mm plus 0.25 g of 0.5 mm diameter) were added to the sediment suspension, which was shaken in a cell disrupter (5000 g) (Disruptor Genie TM , Scientific Industries Inc.) for 8 min to promote cell lyses. An equal volume of chloroform-isoamyl alcohol (24 : 1) was added to the supernatant to remove phenol. Then, DNA was precipitated with two volumes of 30% (w/v) polyethylene glycol and washed with 70% (v/v) ice-cold ethanol. Finally, the pellet was air-dried and dissolved in milli-Q water. The concentrations and purities of the extracted DNA were measured and checked at a wavelength of 260, 230 and 280 nm using a UV-vis spectrophotometer (Cary 50, VARIAN, Palo Alto, CA).
Preliminary PCR reactions were carried out to verify the amplification of the desired PCR products and, if necessary, to optimize the reaction conditions. The choice of primer sets was based on the best-available primers in the literature, i.e. the primers that covered the widest range of microorganisms for each studied group. Primers targeting the 16S rRNA gene were used to quantify total bacteria (BAC), AOB, NOB, AnAOB, Candidatus Accumulibacter and Geobacteraceae. In the case of DNB, primers targeting both functional genes nirK and nirS were mixed. Table 1 lists the primers used. Primers CTO 189fA/B and CTO 189fC were used at a 2 : 1 ratio. PCR amplification of DNA extracted from sediments and standards was performed in a 25 mL reaction mixture containing 2.5 mL DNA template, 10 mM Tris/HCl (pH 8.3), 50 mM KCl, 200 mM of each deoxynucleotide, 1.5 mM MgCl 2 , 2.5 U mL À1 of Platinum s Taq DNA polymerase (Invitrogen, Carlsbad, CA) and 0.4 mM each forward and reverse primers. DNA templates were diluted 100 Â , the final concentrations being in the range of 0.10-1.60 ng mL
À1
for sediments and from 10 1 to 10 8 target copies per reaction for standards. PCR reactions were performed using a thermocycler (T3000, Biometra, Göttingen, Germany) under the conditions described in Table 2 . For a subset of primers listed in Table 1 , the annealing temperature, and the duration and number of cycles was optimized. PCR products were visualized by 1% (w/v) agarose gel electrophoresis with ethidium bromide staining.
The amplification of real-time PCR products, under the conditions described in Table 2 , was carried out using a Chromo4 real-time PCR detector (MJ/Bio-Rad, Hercules, CA) using SYBR Green as a signal dye. PCR amplification was performed in a 25 mL reaction mixture containing 12.5 mL of master mix (iQ TM SYBR s Green Supermix, BioRad 170-8882), 0.4 mM of each forward and reverse primers and 5 mL of DNA template. All samples were measured in triplicate. A final melting curve analysis was performed to check the specificity of the amplification reaction. Temperature was increased from 62 to 95 1C at 0.2 1C s À1 and the appearance of a single melting peak in the melting curve was indicative that no contaminating products were present in the reaction. A no-template control, that is, a control reaction that contains all components except the template, was included in duplicate in all quantification experiments. Data were analysed using the MJ OPTICONMONITOR 3.1 analysis software (MJ/Bio-Rad). The standard curve for each primer (Table 1) was generated using a 10-fold dilution series of seven different concentrations of the standard (10 1 -10 8 target copies per reaction). Each standard curve was checked for validity, the threshold line being defined in order to obtain the higher r 2 value for the relation between the logarithm of gene copy numbers and the cycle number (Terada et al., 2010) . Standards were measured in duplicate for each concentration. As standards in 16S rRNA gene-targeted PCR for AOB, NOB, AnAOB, C. Accumulibacter and Geobacteraceae, a plasmid DNA was used carrying the AOB 16S rRNA gene (accession no. FJ529920), Nitrobacter (accession no. FJ529919), Nitrospira (accession no. FJ529918), AnAOB (accession no. FJ710745), C. Accumulibacter 16S rRNA gene (accession no. HQ529690) and Geobacter bemidjiensis Bem T (accession no. AY187307), respectively. For DNB functional gene-targeted PCR, plasmid DNA was used from an environmental clone (Henry et al., 2004) and from Pseudomonas flurescens C7R12 carrying nirK and nirS, respectively. Briefly, the DNA from the standards was extracted and amplified with the specific primers listed in Table 1 The copy number of a plasmid was calculated based on the concentration of DNA measured at 260 nm and the average molecular weight of the plasmid. Total bacterial cell numbers (BAC) were calculated assuming that bacteria contain 3.6 copies per cell of the 16S rRNA gene (Klappenbach et al., 2001; Harms et al., 2003) . In the case of AOB and NOB, one copy per cell of the 16S rRNA gene was assumed (Aakra et al., 1999) . The number of Geobacteraceae and C. Accumulibacter was calculated assuming that both contain two copies per cell of the 16S rRNA gene (Bedard et al., 2007; He et al., 2007) . For AnAOB, two gene copies per cell of the 16S rRNA gene were assumed because the 16S rRNA gene operon of AnAOB is not presently known (Tsushima et al., 2007) . The number of bacteria was normalized by the DNA concentration extracted per gram of dry sediment. Depth average gene ratios were calculated by dividing the average amount for each bacterial group by the average amount of total bacteria (BAC).
Activity assays
Batch experiments were performed to assess the activity of specific bacterial groups in the sediment of the eutrophic lake Verde. A sediment suspension, prepared by resuspending 50 g of wet sediment from a homogenized sediment core with 10 cm depth in 300 mL distilled water, was incubated in the dark, at room temperature and 150 r.p.m., for several weeks. Substrates were added periodically to stimulate the activity of specific bacterial groups: (1) AOB -CaCO 3 (20 mM) and NH 4 Cl (52 mg L À1 N), (2) NOB -CaCO 3 (20 mM) and NaNO 2 (100 mg L À1 N), (3) DNB -Na-acetate (20 mM) and Table 3 presents in detail the conditions used in the activity assays. AOB and NOB assays were performed under aerobic conditions obtained through continuous air sparging. Anoxic conditions used in DNB and IRB assays were obtained through N 2 gas sparging for 20 min in the beginning of the assay and after each sampling. In the PAO assay, the aeration was regulated as described in Table 3 . Two types of control assays were included in the experimental plan. One was designed to check the release of substrates from sediments (sediments plus water), while the other was planned to check abiotic activity in the sediments (autoclaved sediments plus the addition of the specific inhibitors), as shown in Table 3 . To inhibit nitrite and ammonium oxidation activities, 50 mg L À1 chlorate (Remde & Conrad, 1991) and 10 mg L À1 N-allythiourea (Reuschenbach et al., 2003) were used, respectively. Nitrate reduction activity was inhibited by the addition of 50 mg L À1 hydroquinone (Zhengping et al., 1991) . Control assays were run in parallel with the tests. To monitor microbial activity, samples were taken along the time points, centrifuged at 500 g for 15 min to remove sediment particles and analysed. The anammox activity was assessed according to DapenaMora et al. (2007) . Briefly, the assays were performed in vials with a total volume of 38 mL and a volume of liquid of 25 mL, closed with a gas-tight coated septum capable of withstanding about 2 bars of pressure. The vials were inoculated with sediment ($12 g of volatile suspended solids) and the headspace and the liquid phase was gasified with argon to remove oxygen. The vials were placed in a thermostatic shaker, at 150 r.p.m. and 30 1C, until stable conditions were reached. Then, the substrates ammonium [1.75 mg N of (NH 4 ) 2 SO 4 ] and nitrite (1.75 mg N of NaNO 2 ) were added and the pressure was equalized to the atmospheric 1. The production of N 2 gas was tracked by measuring the overpressure in the headspace and analysing the gas composition. The anammox activity rate was calculated from the maximum slope of the curve describing the pressure increase in the vial along the time (Dapena-Mora et al., 2007) .
Chemical analyses were performed according to standard methods (APHA, 1998). The following spectrophotometric methods were used: the molybdenum blue/stannous chloride method for PO 4 3À (SMEWW 4500-P), the UV absorbance method for NO 3 À (SMEWW 4500-NO 3 ), the Nessler method for NH 4 1 (SMEWW 4500-NH 3 C), the sulphanilamide method for NO 2 À (SMEWW 4500-NO 2
À
) and the phenanthroline method for Fe 21 and Fe 31 (SMEWW 3500-Fe). Acetate was measured by HPLC (87H -Jasco 880). Nonpurgeable organic carbon was measured using a TOC analyzer (ShimadzuTOC-Vc, Kyoto). Dissolved oxygen and pH were measured using an oximeter (Oxi 538, WTW) and a pH meter (420A, ORION), respectively. Volatile suspended solids were determined according to standard methods (SMEWW 2540-E).
Results
Bacterial community composition was studied in lacustrine sediments from four distinct lakes. Table 4 provides all measured environmental conditions in lakes Verde, Azul, Furnas and Fogo. Lakes Verde, Azul and Fogo could be classified as warm monomictic lakes because they are thermally stratified throughout summer. The density difference between the warm surface waters (the epilimnion) and the colder bottom waters (the hypolimnion) prevents these lakes from mixing in summer . Consequently, the concentration of oxygen near the sediments is very low. The exception is lake Furnas, which is shallower than the others, and rarely stratifies. Thus, lake Furnas sediments are in contact with oxygen almost year round.
Regarding the sediment characteristics, the eutrophic lake Verde had an average (throughout the sediment depth) water content of 92% and an organic content of 18%, which were the highest values determined among the studied lakes.
The lowest values were obtained for sediments from the oligo-mesotrophic lake Fogo, with an average 62% water content and 6% organic carbon content. In between are the meso-eutrophic lake Azul and the eutrophic lake Furnas, with an average water content of 77% and 78% and an organic carbon content of 12% and 10%, respectively.
Quantification of total bacteria in sediments
Bacteria involved in nitrogen, phosphorus and iron cycling were quantified by qPCR and the results are depicted in Fig. 1 . For the first 10 cm of sediments collected from lakes Azul and Furnas, the bacterial density profiles were almost constant (Fig.  1) . For lake Fogo, the bacterial density decreased after 6 cm sediment depth, and for lake Verde, the bacterial density profiles presented an untypical behaviour at a sediment depth of 2 cm when compared with the other lakes. The average total number of sediment bacteria (n = 5) quantified with the EUBAC primer set (Harms et al., 2003) The bacterial groups quantified with specific primers, calculated as the sum of the average number of bacteria, represented a small percentage of the total bacteria, especially in sediments from lake Verde ( but one order of magnitude lower for lake Fogo (5.25 Â 10 7 AE 6.88 Â 10 6 cell g À1 dry sediment). In general, AnAOB were the most abundant bacterial group detected in the sediments from lakes Verde, Azul and Furnas, followed by nitrifiers (AOB and NOB), DNB, IRB and PAO. For lake Fogo, DNB were the most abundant group, followed by AnAOB, nitrifiers, IRB and PAO. Among the specific groups of bacteria investigated, the percentage of AOB, IRB and PAO was higher in lake Furnas than in the other lakes, while lake Azul presented the highest percentages of NOB and AnAOB (Table 5) .
Bacteria involved in the nitrogen cycle
Aerobic bacteria performing nitrification (AOB and NOB) were also detected in anoxic/anaerobic layers of sediments from all studied lakes. The amounts of AOB and NOB obtained in the present study were in the range of 10 5 -10 7 cells g À1 and of 10 6 -10 7 cells g À1 , respectively. AOB were more abundant than NOB in sediments from lake Furnas; the opposite was observed in sediments from lakes Verde, Azul and Fogo (Table 5 ). The abundance of NOB affiliated to Nitrobacter spp. and Nitrospira spp. suggested that Nitrobacter-like bacteria were more abundant in sediments from lakes Azul (69%), Fogo (58%) and Furnas (55%), while in lake Verde, Nitrospira-like bacteria dominated (92%). In sediments from lake Azul and Fogo, the amount of NOB was slightly higher than the one of AOB, which has also been reported in other studies for river sediments (Nakamura et al., 2006) and biofilms (Nogueira et al., 2005) . AnAOB and DNB were the most abundant groups even in the sediment surficial layers (Fig. 1) ), related to the genus Alcaligenes and Hyphomicrobium (Yoshie et al., 2004; Osaka et al., 2006) .
Nitrifying activity of sediment bacteria from the eutrophic lake Verde was assessed in aerobic batch assays in the presence of specific substrates and inhibitors. The activity of AOB (Fig. 2a) and NOB (Fig. 2b) was stimulated by the addition of NH 4 1 and NO 2 À , respectively. A decrease in the concentrations of NH 4 1 and NO 2 À was observed in AOB and NOB assays, respectively, followed by an increase in the concentration of NO 3 À in both assays. The repeated addition of NO 2 À to the NOB assay (phases II and III) resulted in the decrease of the time needed for complete NO 2 À removal, likely due to NOB enrichment in the sediment suspension. Fig. 2 . Activity assays of (a) AOB and (b) NOB assessed with sediments from lake Verde: I, addition of carbonate and NH 4 1 to the AOB assay, and carbonate and NO 2 À to the NOB assay; II and III, addition of NH 4 1 to the AOB assay, and NO 2 À to the NOB assay. In the AOB assay, the decrease of the NH 4 1 concentration was also faster during phase II, but incomplete NH 4 1 oxidation and a decrease in pH (pH decreased from 7.36 to 6.46) were observed in phase III, probably due to inorganic carbon limitation. As expected, the concentrations of NH 4 1 and NO 2 À remained constant with time, in assays conducted with autoclaved sediments and in the presence of specific inhibitors for AOB and NOB, N-allythiourea and chlorate, respectively (data not shown). The additional control assay, conducted without the addition of substrates, suggested that N-compounds were not released to a significant extent from sediments by abiotic processes (data not shown).
In the anammox activity assay, an increase in the amount of N 2 in the gas phase with time was observed (Fig. 3) . The decrease of NH 4 1 and NO 2 À in the liquid phase followed the stoichiometry of the anammox reaction. Of the 1.75 mg N of both NO 2 À and NH 4 1 initially added, around 0.41 mg N of NO 2 À and 0.74 mg N of NH 4 1 were consumed. The anammox activity determined in the present study, 2.03 AE 0.37 fmol per cell day
À1
(assuming an average value of 8.40 Â 10 7 AE 9.87 Â 10 6 AnAOB cells per gram of sediment), is consistent with reported values for other natural environments (Schubert et al., 2006) .
Nitrate reduction, assessed in anoxic batch assays, was stimulated by the addition of acetate and NO 3 À (Fig. 4) . A decrease in the concentration of both compounds was observed (phase I), and subsequent replicate assays (phases III-VII) resulted in the decrease of the time needed for complete NO 3 À removal, probably due to DNB enrichment in the sediment suspension. Without acetate (phase II), the NO 3 À concentration remained constant, suggesting that nitrate reduction in lake Verde sediments was carried out by heterotrophic bacteria. Both attempts to inactive biological activity in the sediment, by autoclaving and addition of a DNB inhibitor, did not prevent the removal of acetate and NO 3 À , but retarded nitrate reduction (data not shown). PO 4 3À uptake/release was observed during the repetitive addition of acetate and NO 3 À to batch assays (phases IV-VII in Fig. 4 ). On average, in the anoxic phase, 213 mg L À1 C and 112 mg L À1 N were consumed with the consequent uptake of 59 mg L À1 P, while in the anaerobic phase (absence of NO 3 À ), 74 mg L À1 C was consumed and 68 mg L À1 P was released.
IRB
Depth-invariant profiles of IRB belonging to the Geobacteraceae family were observed in sediments from all lakes. The densities, however, differed from 10 3 to 10 7 cells g
À1
. Lake Furnas had the highest density of IRB (2.20 Â 10 7 AE 7.80 Â 10 5 cells g
, sediment depth of 1-2 cm), which was expected because it also had the highest concentration of total iron (241 mg L À1 ) in the water column (Cruz et al., 2006) .
Iron-reducing activity of the sediment from lake Verde was assessed in anaerobic batch assays in the presence of acetate and soluble Fe(III) (Fig. 5) . A decrease in the concentration of both acetate and soluble Fe(III) was observed in phase I. The subsequent addition of acetate (phases II and III) resulted in the complete reduction of Fe(III); however, the concentration of Fe(II) resulting from the reduction of Fe(III) did not increase. Two exceptions included phases V and VI, where a slight increase in Fe(II) was detected between days 29 and 31 and days 32 and 36, respectively. One possible explanation for this result is that Fe(II)-containing minerals were formed, but not accounted for, by the method used in the present study. As suggested in the literature, magnetite might be an end product of the activity of Fe(III)-reducing microorganisms in sedimentary environments (Lovley, 1991) . In the presence of an excess of acetate (phases IV-VI), the time needed for complete Fe(III) Fig. 3 . Activity assays of anammox in the sediment from lake Verde. (Table 3 ) also exhibited the removal of acetate and soluble Fe(III), but at a much lower rate.
PAOs
The density of C. Accumulibacter-related PAO in sediments from Azorean lakes was invariant with depth, ranging between 10 2 and 10 6 cells g À1 (Fig. 1 , Table 5 ). Among the Azorean lakes, lake Verde contained the highest density of PAO (5.40 Â 10 6 AE 2.2 Â 10 5 cells g À1 ). The activity of PAO in sediments from lake Verde was checked in batch assays by alternating aerobic/anaerobic conditions and periodic acetate addition (Table 3) . During the aerobic phase, the uptake of P was not observed (data not shown), while in the presence of nitrate ( Fig. 4 ; phases V, VI and VII) the soluble P concentration decreased. These results suggested that PAO present in sediments from lake Verde prefer nitrate over oxygen as the final electron acceptor.
Discussion
This study, for the first time, documents the abundance of several microbial groups, namely AOB, AnAOB, NOB, DNB, IRB and PAO, in lacustrine sediments of Azorean lakes. The values found were in the same range as those previously reported for soils and freshwater sediments (Henry et al., 2004; Nakamura et al., 2006; Bedard et al., 2007; Gloess et al., 2007; Smith et al., 2007; Bulow et al., 2008; Himmelheber et al., 2009) . The exception was the relative abundance of AnAOB (4.5 AE 1.6-16.6 AE 8.3% of the total bacteria), which was higher than the previously reported values (Tal et al., 2005; Schubert et al., 2006; Schmid et al., 2007) . Cell counts based on FISH reported that AnAOB amounted to 1.4% of all bacteria in freshwater sediments using the probe Amx820 (Schubert et al., 2006) and between 0.4% and 8.6% in sea sediments, obtained with both Amx820 and BS820 probes (Tal et al., 2005; Schmid et al., 2007) . To our knowledge, this is one of the first studies reporting high densities of AnAOB in lacustrine sediments.
Relating the results on bacterial group densities with the trophic state of the lakes, it suggests that AnAOB are more competitive than DNB in sediments from lakes Verde (eutrophic), Furnas (eutrophic) and Azul (meso-eutrophic). The lower amount of AnAOB in the sediment from lake Fogo (oligo-mesotrophic) might be due to the very low concentration of NH 4 1 in this lake (0.02 mg L À1 N) compared with the others. Also, the total bacteria density and PAO densities seem to be related to the trophic state of the lakes, being higher in the eutrophic lake Verde than in the oligo-mesotrophic lake Fogo. Only for lakes Azul and Furnas did the sediments present bacterial density stratification. Surface sediments of lake Azul were dominated by anaerobic groups (DNB and AnAOB), while in lake Furnas sediments, aerobes (AOB, NOB and PAO) dominated in the upper layers and anaerobes downward. Nevertheless, bacterial stratification never exceeded one order of magnitude over the examined 10 cm depth. This bacterial distribution might be explained by the fact that lake Azul presented anoxic conditions near the sediments (2% of oxygen saturation), while aerobic conditions were observed in lake Furnas (81% of oxygen saturation). For the other two lakes, bacterial density stratification was not observed. The growth of AnAOB and DNB in the upper sediment layers might have been enhanced by the prevalence of anoxic/anaerobic conditions due to the low oxygen penetration, which is generally o 1 cm (Altmann et al., 2004; Himmelheber et al., 2009) . On the other hand, the presence of AOB and NOB deeper in the sediment was expected because nitrifiers can grow under oxygen-limited conditions, as reported in previous studies (Pynaert et al., 2002) .
Contrary to our expectation, the bacterial density profiles were almost homogeneous with depth. Similar results have been reported for stream sediments (Altmann et al., 2004; Nakamura et al., 2006) and anoxic sediments from the Black Sea, where the total bacterial cell number was almost constant until a depth of 100 cm (Leloup et al., 2007) . Several phenomena occurring in sediments, namely physical resuspension and bioturbation, as well as the formation of gas bubbles, feeding tubes and burrows from benthic fauna, might explain the mixing between the different zones (Kemp et al., 1990; Stockdale et al., 2009) . The bacterial profiles for lake Verde presented an atypical pattern at a sediment depth of 2 cm. A possible explanation for this result might be the very high amount of water (96%) in this layer that hindered DNA extraction and consequently PCR quantification (Bürgmann et al., 2001; Sagova-Mareckova et al., 2008) . For lake Fogo, the bacterial density decreased mainly after a sediment depth of 6 cm, which might be the result of the very low organic carbon content present in the deepest layers of this sediment (5% at depth between 6 and 10 cm) (Miller et al., 1999; Sagova-Mareckova et al., 2008) . The amount of organic carbon might also explain the differences in the total bacterial density found in the sediments from the different lakes, because it has been related to DNA yields (Miller et al., 1999) . In the present study, the amount of total bacteria correlated positively with the content of organic matter in sediments.
The main limitation of the present study was related to the oligonucleotide primer choice used for the qPCR-based detection of IRB and PAO, which may have led to an underestimation of these bacterial groups. A previous fingerprinting study using PCR-DGGE-cloning methods suggested the presence of members of the Shewanelanaceae and Ferrimonadaceae families as well as the Actinobacteria and Gemmatimonadetes-related sequences in sediments from lake Furnas that were not covered by the chosen primers (Martins et al., 2010) . Real-time qPCR is an emerging tool to quantify bacteria in environmental samples. However, at present, two main constraints hinder the general use of this technique: the availability of suitable primers is still limited and PCR is easily inhibited by humic substances that are coextracted with DNA. Humic substances are very common in lake sediments (Wolfe et al., 2002) and they inhibit the restriction endonucleases and Taq DNA polymerase (Porteous & Armstrong, 1991) . Two published methods based on phenol/chloroform extractions (Kowalchuk et al., 1998; Miller et al., 1999) and subject to various pre-and post-treatment [CaCl 2 , AlNH 4 (SO 4 ) 2 and CaCO 3 incubations] were compared with a commercially available method (UltraClean Soil DNA kit) for the recovery of DNA from sediments. Ultimately, the method of Kowalchuk without any pre-/post-treatment was chosen in view of DNA quantity and amplifiability.
Batch assays confirmed the activity of all the bacterial groups quantified. The more interesting result was the apparent capacity of DNB to accumulate and release P, depending on the presence of acetate and NO 3 À . This behaviour suggests the presence of denitrifying PAOs (DPAO) in the sediments (Ahn et al., 2001; Tsuneda et al., 2006) . The activity of DPAO has often been demonstrated, both in lab-scale and full-scale enhanced biological P removal systems (Carvalho et al., 2007) . To our knowledge, this is the first study that indicates the accumulation/release of P in sediments with the activity of these bacteria.
Eutrophication of freshwater reservoirs and lakes is mainly due to inputs of P from sediments to the water column . The present work suggested that the activity of DNB might also contribute to the release of P from sediments. In this regard, an evaluation of the sediment microbial composition and activity is certainly useful to design requalification strategies towards attainment of the good ecological status prescribed by the Water Framework Directive (European Community, 2000) . Thus, future measures towards lake restoration should include, in addition to the classical procedure, an evaluation of the contribution of biological processes in sediments to the eutrophication problem. Besides, the results of the present study suggest the improvement/calibration of lake water quality models. Existing models often describe the processes occurring in the sediments in less detail than those occurring in the water column . Extended models including sediment processes contributing to the uptake/release of N and P from sediments to the water column need a considerable amount of data for calibration.
Future studies characterizing the relationship between the activity of specific bacterial groups (PAO, DNB, IRB and sulphate-reducing bacteria) and P cycling may reveal the limiting factors that control P release from sediments. In addition to microcosm activity assays, in situ activities should also be investigated. Other tools like microelectrodes (Himmelheber et al., 2009) , the use of radio labelled elements or the quantification of expression of genes that encode key enzymes could aid in the determination of microbial activities and bioprocess rates (Dar et al., 2007) .
In conclusion, the combination of phylogenetic and fractional gene-targeted qPCR and activity assays suggested that bacteria performing anaerobic ammonium oxidation were the most abundant in sediments from the eutrophic lakes Verde, Furnas and Azul, while DNB dominated in sediments from the oligo-mesotrophic lake Fogo. Lake Furnas sediments presented bacterial stratification (aerobes in upper layers and anaerobes downward) due to the presence of oxygen in the hypolimnion all year round. The present work also suggested that the activity of DNB might contribute to the release of phosphorus from sediments. 
